INTRODUCTION
Floral symmetry played an important role in Sprengel's (110) pioneering attempt to relate form to function in the pollination of flowering plants. He recognized two types of floral symmetry, regular and irregular. Regular flowers were those in which the pistil(s), stamens, and segments of the perianth radiated out uniformly from the central axis. Furthermore, all segments of each organ type were equal in size and form. Irregular flowers were those in which any parts of the perianth or sexual organs did not meet these criteria. Sprengel suggested that regularity should be the rule unless circumstances resulted in an advantage to irregularity. He went on to propose several hypotheses concerning circumstances that would result in such an advantage.
Several forms of irregular flowers [i.e. nonradially symmetric or nonactinomorphic in modern terminology (see below and Table 1 )] have been recognized. The modern phylogenetic approach, although philosophically far from Sprengel's teleological and creationistic outlook (121) , suggests that most of the species with irregular flowers were derived from species with regular flowers (i.e. radially symmetric or actinomorphic) (16, 112, 114) . We are still looking for the circumstances that give the advantage to irregularity.
Study of pollination ecology has played an important role in investigations of floral symmetry. In particular, honeybees have been the subject of many studies related to symmetry preferences (69) and perception (39, 59) . Honeybees can be trained to respond to various visual stimuli, allowing investigation of the perceptual and processing mechanisms associated with the responses to these stimuli.
As a result of a long history and interest by biologists in a variety of fields, the literature regarding floral symmetry is widely scattered in publications about botany, ecology, animal physiology, and behavior. Unfortunately, the diffuse nature of the literature and diversity of interests of the investigators have prevented an integrated understanding of floral symmetry. The problem is further exacerbated by inconsistent use of terminology regarding symmetry. We point out and reconcile some of the problems relating to the description and classification of floral symmetry. We summarize the hypotheses that have been used to explain evolutionary changes in symmetry and suggest some directions for new research in floral symmetry. see Table 1 ). The whorled arrangement of floral organ members and the reduction in organ members creates rotationally arising symmetry (e.g. many Ranunculaceae, Liliaceae) with polysymmetry (i.e. two to many planes of symmetry). Monosymmetry results when the organs on the two sides of one plane develop differentially through reflectional operation (e.g. Scrophulariaceae, Lamiaceae). The term disymmetry is reserved for the case of two planes of reflectionally derived symmetry (e.g. Dicentra: Fumariaceae). Asymmetry has also been secondarily derived (e.g. Centranthus: Valerianaceae) (32, 49) .
PROBLEMS IN THE TERMINOLOGY OF FLORAL SYMMETRY Synonyms
Some confusion has been caused by the use of synonyms for symmetry types and, in some cases, the application of the same name to more than one form of floral symmetry ( in Salix and capitula in Asteraceae). In Table 1 , we present a classification of floral symmetry aimed to remove much of the present ambiguity. In accordance with common usage in the literature, we equate radial symmetry with actinomorphy. Similarly, we equate bilateral symmetry with the most common type of zygomorphy (i.e. medial zygomorphy). We favor the term medial zygomorphy over dorsiventral zygomorphy because the latter implies a vertical en face orientation of the flower; the term is thus inappropriate for species that are oriented horizontally (e.g. most Apiaceae, Asteraceae, Dipsacaceae).
Orientation of Symmetry Planes
A second problem of terminology is establishing a point of reference for orienting symmetry planes in flowers with different types of symmetry. Ideally, the method of orientation should meet three criteria. First, the same method should be used for describing the symmetry planes for all flower types. Second, the description should not depend on the orientation of the flower in space, yet, third, it should be possible to relate the orientation of the planes of symmetry to the orientation of the flower. These criteria would allow the developmental or morphological aspects of symmetry (i.e. orientation in relation to growth of the plant) to be evaluated separately from the ecological or functional aspects of symmetry (i.e. orientation in the pollination process). In practice, none of these three criteria is met.
In an attempt to give orientation to floral diagrams, some authors (81, 129) define the median (or central) plane of the flower as the plane that passes through the principal axis (i.e. the line or vector emanating from the center of the receptacle) and the subtending leaf. Actinomorphic and disymmetric forms are characterized by most authors in relation to the principal axis of the flower. Symmetry is thus independent of flower orientation but could be related to it by indicating whether the flower is erect, pendulous, or obliquely or upwardly inclined. 
FREQUENCY OF FLORAL SYMMETRY TYPES
To assess the frequency of floral symmetry types, we consulted several taxonomic and morphological references (55, 56, 68, 98, 104, 105) . Where symmetry designations differed within a family, the differences could usually be resolved by taking into account usage of terminology and taxonomic classification. We excluded from the survey those families with minute flowers that lacked a perianth because most references do not give a symmetry designation for these families, and most of the excluded families are thought to be wind pollinated. A well-developed perianth, or at least one that has not been extremely reduced, is generally thought to be an adaptation to anthophily (33, 100, 110) .
We consider symmetry at the level of the entire flower, not just the corolla or perianth, so we consider a flower with an actinomorphic corolla but medially zygomorphic pistil and stamens (e.g. Hibiscus schizopetalus: Malvaceae, Adansonia digitata: Bombacaceae, Gloriosa superba: Liliaceae) to be medially zygomorphic.
The survey resulted in symmetry designations for a total of 241 families (212 dicot, 29 monocot). Actinomorphy and medial zygomorphy were the most common symmetry types ( of monocots were exclusively actinornorphic, while only 5.7% of dicots and 3.4% of monocots were exclusively medially zygomorphic (Table 3 ).
MOLECULAR GENETICS AND THE DEVELOPMENT OF FLORAL SYMMETRY
The development of zygomorphy occurs during different phases of floral ontogeny in various species (12, 117) . This supports the suggestion of multiple, independent origins of monosymmetry (1 14) . Species with late development of zygomorphy are usually found in taxonomic groups that are otherwise predominantly actinomorphic (32) . In some flowers with late-developing zygomorphy, gravity appears to facilitate, directly or indirectly, the ontogeny of bilateral symmetry (32, 119, 129) . Coen (12) suggested that a gravimetrically controlled system may have become coupled to internal cues then eventually evolved into the more typical, genetically controlled system with an early development of zygomorphy.
Most research on the ontogeny of non-actinomorphic floral symmetry has focused on Antirrhinum majus (Scrophulariaceae) and is based on the ABC model of organ identity. The ABC model postulates three overlapping regions of gene function, with each region affecting two adjacent whorls of floral organs (14, 79) . That zygomorphy is a derived condition is suggested by the fact that there are many mutations producing actinomorphic flowers in normally zygomorphic species, but few mutations in the reverse direction (21, 136) . Certainly, the evolution of zygomorphy and the evolution of the inflorescence may be intimately related (1 1).
SYMMETRY, ADAPTIVE SUITES, AND THE SYNDROME CONCEPT
The pollination syndrome concept holds that suites of floral characteristics such as corolla morphology and color, and reward quantity and quality cluster in phenotypic space and are associated with broad taxonomic groups of pollinators (33, 112) . Pollination syndromes are generally designated by pollinator type.
Monosymmetrical floral symmetry, particularly medial zygomorphy, has been associated with melittophily (pollination by bees) and ornithophily (pollination by birds) (33, 100, 103, 112) .
However, neither melittophily nor ornithophily is a single phenomenon. For example, different suites of floral characteristics have been assigned to different groups of bees (17, 33, 120) . Not all of these suites include zygomorphic floral symmetry. Moreover, many pollinators are often seen to visit many types of flowers, and flowers are often visited by many types of pollinators (108).
Stebbins (113) suggested that the characteristics of flowers might be molded by the most common and most effective pollinators. More recently, Herrera (54) suggested that ecological factors may constrain both the occurrence of and the response to selection by pollinators on floral characteristics. Thus, the syndrome concept has received much criticism (54, 127) .
It may be premature, however, to discard all aspects of the pollination syndrome. For example, monosymmetrical floral symmetry, particularly medial zygomorphy, has originated multiple times from actinomorphy (113) . Furthermore, monosymmetry is often associated with particular states of other characteristics (e.g. herbaceous habit, increases in the number of ovules, reduction in the number of stamens, and sympetaly) (33, 100, 103, 112) . Thus, floral characteristics may in fact cluster in phenotypic space. If so, we should not rule out the possibility that there are adaptive benefits to suites of floral characteristics that are independent of phylogeny. For example, Chittka (10, 127) found that the 154 plant species found in a nature reserve near Berlin can be grouped into distinguishable color clusters or color categories. Moreover, each of these categories seems to have a distinctive level of nectar reward (41).
However, clustering of floral character states using a range of characters that are commonly employed to typify syndromes has not been studied. Whether suites cluster in phenotype space needs to be tested using modern phylogenetic approaches (1, 48) .
HYPOTHESES OF FLORAL SYMMETRY
The hypotheses presented below vary in their approach to evolutionary trajec- is determined by degree of overlap between memorized image and observed flower shape (38, 46, 131) . It has even been proposed that retinotopic matching is the visual strategy by which the memorized and the actual images are compared (26) .
The algorithm used by insects in calculation of such overlap is unknown and seems to vary with the training schedule used (107) . However, matching in the lower part of the visual field is critical for the recognition of a shape upon which an insect has been trained (9, 38, 131) . For colored patterns, however, this applies only to long-wavelength colors; in ultraviolet light, the upper part of the visual field seems to have a more important role (83) .
Flies remember the position of stimuli in the visual field and are able to distinguish two identical patterns displaced by 9? in space (26) . forms. However, a close examination shows that Leppik's results were from casual (although systematic) observations and cannot be reliably subjected to statistical tests. Free (35) found that when given a choice between radially and bilaterally symmetrical models, honeybees trained on radial models preferred the radial models. Free also stated that training on oblong (i.e. bilateral) models "did not reverse the usual preference for radially symmetrical models" (35, p. 272). However, this conclusion cannot be unambiguously drawn from the data he presented. Moreover, since the previous experience of the honeybees Bees trained to discriminate bilaterally symmetric from nonsymmetric patterns learn the task and transfer it appropriately to novel stimuli, thus demonstrating a capacity to detect and generalize symmetry versus asymmetry (39) ,
showing that bees use symmetry as an independent feature in pattern perception. Horridge (59) confirmed that bees can be trained to distinguish the axis of bilateral symmetry of a set of different patterns. Bees trained to select symmetrical patterns performed better than bees trained to select asymmetrical patterns (39) . This result may reflect an innate predisposition to respond to stimuli that are biologically relevant (41, 82) and has important consequences in the field of pollination: If potential pollinators particularly beneficial to the plant (e.g. having high levels of constancy, pollen transfer efficiency, outcross pollen deposition) have an innate preference for zygomorphic forms, there should be strong selection for this morphology (but see 54).
M0ller (86) The use of the term-ri "intelligence" to describe the sophistication level of pollinators (33, 51) is problematic because it is not unambiguously definable, quantifiable, or comparable across species. As such, this vague term should be discarded with regard to the abilities of pollinators to gain access to floral rewards.
T'he complexity-neuronal/behavioral sophistication hypothesis can be subdivided into three components: manipulation skills, learning ability, and sensory perception. Interaction among these components is certainly possible. For example, manipulation skills may be improved with learned experience, but the skill required for some flowers may be beyond the level of some pollinators regardless of learning ability.
Regarding manipulation skills, Heinrich (51) More data of this type need to be collected across a wide range of pollinators and flower types, quantifying complexity rigorously.
The complexity-neuronal/behavioral sophistication hypothesis also suggests that bilaterally symmetrical flowers require higher sensory perception in pollinators than radially symmetrical flowers and "other less complicated flowers," which would be expected to be associated with pollinators having less sensory development. Much of the evidence for this part of the hypothesis has been indirect or speculative.
A mechanism based on matching with neuronal filters has been proposed for the perception of symmetry (58, 69) . Neuronal detectors that are specialized in detection of radial, circular (i.e. patterns of concentric rings), or spiral motion have been shown in humans (90) , and it was proposed that bees (and other pol- This aspect of the hypothesis seems to be the inverse of the reward wastage hypothesis (see below) in that pollinators are limited to, rather than excluded by, a particular morphology. Moreover, the observation that many, if not most, pollinators visit a wide range of flowers (108, 127) tends to discount this hypothesis.
Waser (126) has termed this type of floral specialization "fixed preference"
rather than "floral constancy."
The second mechanism hypothesized to promote constancy is that the cost of learning to extract the reward from complex new flowers may outweigh the benefits of obtaining additional sources of reward (22, 64, 77) . There may be an energetic cost whereby time spent learning to handle the complex new form reduces the rate of reward intake compared to flowers with which the pollinator has experience (52, 66) . The argument has also been made that cost of constancy and fully learning to handle a complex flower ultimately results in a higher return (22) as well as reduces competition from less constant pollinators or individuals (64). However, Laverty (66) found for bumblebees that the cost in time of switching was small and not likely to account for constancy. Another possible cost of learning to handle additional flowers might be interference with the efficiency on, or even elimination of, the ability to handle flowers already learned (76, 125, 126) . There is some support for interference in several pollinator taxa (76, 77, 91) , but interpretation of these results is difficult because many of the early studies lack appropriate controls for the motivation and experience of the animals tested. However, in a series of studies on bumblebees Laverty and his group have found no evidence of a complete elimination of an already learned skill, even as long as 24 h after learning to handle a new flower (37, 66, 67, 135) .
Activity Patterns of the Pollinators forms (110, 112, 113) . Therefore, in species visited by pollinators that land on the flower (as opposed to those that only hover, e.g. hummingbirds and hawkmoths), the lower lip of the flower is expanded to provide a platform.
Sprengel (110) also suggested that, because pollinators will approach and contact the flower from one direction, the lower lip may be enlarged for attraction, in addition to its function as a landing platform.
POLLEN POSITION HYPOTHESIS This hypothesis suggests that in bilaterally symmetrical flowers, the visitor is restricted to certain directions in its approach to and its movement on and/or within the flower. This is in contrast to radially symmetric flowers in which the visitor may approach the flower from any direction (33, 47, 74) . The restricted approach results in increased precision of pollen placement on, and stigma contact with, the pollinator's body (2, 51, 64, 80) . The increased precision thus results in a higher proportion of pollen reaching the stigma. Bowers (4) proposed a similar process for evolution of enantiomorphy.
In an unusual application of this hypothesis, Harper (47) We were unable to find hypotheses regarding the role that pollination might have played in this transition. Although of lesser importance in terms of the numbers of species, we were also unable to find hypotheses regarding the evolution of transverse and diagonal zygomorphy, disymmetry, and derived asymmetry. Visit the Annual Reviews home page at http://www.AnnualReviews.org
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